ABSTRACT: We have characterized the guanidine-induced unfolding of both yeast and bovine ubiquitin at 25°C and in the acidic pH range on the basis of fluorescence and circular dichroism measurements. Unfolding Gibbs energy changes calculated by linear extrapolation from high guanidine unfolding data are found to depend very weakly on pH. A simple explanation for this result involves the two following assumptions: (1) charged atoms of ionizable groups are exposed to the solvent in native ubiquitin (as supported by accessible surface area calculations), and Gibbs energy contributions associated with charge desolvation upon folding (a source of pK shifts) are small; (2) charge-charge interactions (another source of pK shifts upon folding) are screened out in concentrated guanidinium chloride solutions. We have also characterized the thermal unfolding of both proteins using differential scanning calorimetry. Unfolding Gibbs energy changes calculated from the calorimetric data do depend strongly on pH, a result that we attribute to the pH dependence of charge-charge interactions (not eliminated in the absence of guanidine). In fact, we find good agreement between the difference between the two series of experimental unfolding Gibbs energy changes (determined from high guanidine unfolding data by linear extrapolation and from thermal denaturation data in the absence of guanidine) and the theoretical estimates of the contribution from charge-charge interactions to the Gibbs energy change for ubiquitin unfolding obtained by using the solvent-accessibility-corrected Tanford-Kirkwood model, together with the Bashford-Karplus (reduced-set-of-sites) approximation. This contribution is found to be stabilizing at neutral pH, because most charged groups on the native protein interact mainly with groups of the opposite charge, a fact that, together with the absence of large charge-desolvation contributions, may explain the high stability of ubiquitin at neutral pH. In general, our analysis suggests the possibility of enhancing protein thermal stability by adequately redesigning the distribution of solvent-exposed, charged residues on the native protein surface.
The thermodynamic stability of proteins is commonly described by the unfolding Gibbs energy versus temperature profile, the so-called protein stability curve (1, 2) . It is a well-known fact that Gibbs energy changes of unfolding are small numbers, resulting from the cancellation of large contributions arising from the major "forces" that drive or oppose folding (hydrophobic effect, hydrogen bonding, van der Waals interactions, conformational entropy; see refs 3-8) . As an obvious consequence of this, even minor contributions to the unfolding Gibbs energy are important regarding protein stability. Thus, for instance, electrostatic contributions to unfolding Gibbs energies due to the interactions between the charges on ionizable groups are comparable to the total unfolding Gibbs energy (9, 10) ; therefore, these electrostatic interactions might play a key role in determining operational thermal stability (as measured, for instance, by the denaturation temperature under given conditions).
Several features make ubiquitin an excellent model protein to investigate the contributions to protein stability that arise from charge-charge interactions: (1) It is a small protein, consisting of 76 amino acid residues with a molecular mass of 8433 Da and a three-dimensional structure known to high resolution from X-ray crystallography and NMR 1 (11, 12) . (2) Thermal unfolding of ubiquitin is reversible and conforms closely to the two-state, equilibrium model (13) (14) (15) ; therefore, the thermal stability of this protein is described by a thermodynamic stability curve, which can be derived from experimental thermal unfolding data by using a straightforward two-state analysis. (3) Accessible surface area calculations show that the charged atoms of ionizable groups are highly exposed to the solvent in native ubiquitin [in fact, all ionizable groups in ubiquitin belong to class III in the classification of Rashin and Honig (16) ]; this suggests that the Gibbs energy contributions associated with the change of the environment of charges upon folding ("desolvation" contributions: ref 9) can be neglected, at least as a first approximation, thus allowing us to focus on the chargecharge interactions, a point of view which will be supported to some extent by the experimental results reported in this work. (4) Ubiquitin is very stable at neutral pH, the denaturation temperature being around or higher than 100°C (14) ; however, the thermal stability of ubiquitin depends strongly on pH, which suggests that electrostatic factors may play a prominent role in the high stability observed at neutral pH.
In this work we will investigate the electrostatic contributions to ubiquitin thermal stability using experimental as well as theoretical approaches. On the experimental side, we will explore our previous suggestion (10) and estimate contributions due to charge-charge interactions from the comparison between the unfolding Gibbs energy values derived from guanidine-induced denaturation studies by using the linear extrapolation method (LEM) 1 and those obtained from the analysis of differential scanning calorimetry (DSC) thermograms corresponding to the thermal denaturation of the protein. These experimental studies will be carried out as a function of pH with two forms of ubiquitin that differ in three nonionizable amino acids and which have essentially the same structure: bovine and yeast ubiquitin (17) . Guanidine-induced denaturation experiments will be based on circular dichroism and fluorescence measurements. On the theoretical side, we will estimate the energies associated with charge-charge interactions on the basis of the solventaccessibility-corrected, Tanford-Kirkwood model (18, 19) , together with the Bashford-Karplus ("reduced-set-of-sites") approximation (20) .
MATERIALS AND METHODS
Ubiquitin from bovine blood was purchased from Sigma, and guanidinium chloride was ultrapure grade from Pierce. Both were used without further purification. Yeast ubiquitin was overexpressed in E. coli and purified as described (14) . Deionized water was used throughout.
Aqueous stock solutions of ubiquitin were prepared by exhaustive dialysis at 4°C against 10 mM sodium acetate buffer (for pHs within the range 3.5-4.5) or 10 mM glycine (for pHs within the range 1.5-3.5). Protein concentrations were determined spectrophotometrically using an extinction coefficient of 0.149 mg -1 ‚mL‚cm -1 calculated according to Gill and von Hippel (21) . Stock solutions of 8 M guanidinium chloride in acetate or glycine buffers were prepared by mixing two guanidine solutions in the acidic and basic forms of the buffer used, so that the desired pH was obtained. Ubiquitin solutions at different guanidine concentrations were prepared by mixing appropriate volumes of the dialysis buffer, and stock solutions of the protein and 8 M guanidine. Guanidine concentrations were determined from refraction index measurements (22) using an Atago R 5000 hand refractometer.
Differential scanning calorimetry experiments were performed using a VP-DSC microcalorimeter from MicroCal or a DS-93 calorimeter (John Hopkins University). The samples were degassed at room temperature prior to calorimetric experiments. Calorimetric cells (operating volume ∼0.5 mL) were kept under an excess pressure of 30 psi to prevent degassing during the scan. The scan rate was always 1.5 K/min, and, in most cases, the protein concentrations in the solutions used in the calorimetric experiments were in the range 1-2 mg/mL. Further experimental details regarding the DSC experiments and the calorimetric data analysis can be found elsewhere (15) . Far-UV circular dichroism (CD) spectra of ubiquitin from 260 to 200 nm were collected at 25°C on a Jasco J-20 spectropolarimeter using rectangular quartz cells with 1 mm path length as described (23) . Protein concentrations used in CD experiments were on the order of 0.1 mg/mL. The fluorescence of the protein was measured by using Perkin-Elmer LS-5 or LS50B instruments, with excitation and emission wavelengths of 279 and 310 nm, respectively. Protein concentrations used in fluorescence measurements were about 0.04 mg/mL. NMR experiments were carried out using a 500 MHz VARIAN UNITY plus instrument. Protein was dissolved in 10 mM phosphate buffer in D 2 O, pH 8.4, and, subsequently, the pH was adjusted by addition of a solution of DCl in D 2 O (the pH was calculated by adding 0.4 to the pH-meter reading). The final protein concentration was 800 µM. TMS in D 2 O was used as standard for chemical shifts. Monodimensional 1 H NMR spectra were obtained at 25°C, using the sequence PRESAT, with a spectral width of 8000 Hz and a pulse angle of 90°. Spectra were obtained at several pH values within the range 2-8, and the chemical shift of the C 2 -H in His-68 was assigned on the basis of previous work (24, 25) . The chemical shift versus pH profile could be analyzed in terms of an ideal titration curve, and from this analysis, a pK value of 5.92 ( 0.02 was obtained for His-68.
Analyses of experimental data were carried out using programs written in the MLAB environment (Civilized Software Inc.). Accessible surface area (ASA) calculations were performed using the Shrake-Rupley algorithm (26) with a radius of 1.4 Å for the solvent probe and the Chothia set for the protein atoms (27) .
Electrostatic calculations based on the Tanford-Kirkwood model (18, 19) , together with the Bashford-Karplus approximation for fractional protonation calculation (20) , were carried out using programs written by us. The calculation procedure (which will be subsequently referred to simply as the "TK-BK procedure") is briefly described below.
The interaction energies between unit positive charges placed in the protonation sites of ionizable groups i and j were calculated as where is the unit charge, A ij , B ij and C ij (defined by Tanford and Kirkwood: ref 18) are functions of the positions of the charges, the dielectric constants of the protein and solvent, and (in the case of C ij ) the ionic strength, and b stands for the radius of the sphere representing the protein, but solvent ions cannot penetrate a larger sphere of radius a. In our
calculations, we have taken a ) b + 1.4 (1.4 Å being the mean of the radii of the cation and anion for a typical salt: NaCl), and b was derived from the volume of the protein (calculated from the molecular mass using a typical value for the specific volume: 0.72 mL/g). Finally, SA ij is the mean of the accessibilities to solvent for groups i and j. The accessibility of a group was calculated as the ratio between the side-chain ASA values of the group in the native protein and in a Gly-X-Gly tripeptide in which the conformation of the side chain was the same as in the native protein.
In most calculations, we employed 78.5 and 4 as values for the dielectric constants of solvent and the protein, respectively; however, calculations with other values for the protein dielectric constant were also performed and will be described further below. In all calculations, charges were assumed to be placed on the protein surface.
To calculate the fractional protonations of ionizable groups and other quantities of interest, we have followed the general approach described by Bashford and Karplus (20) . This approach is briefly outlined here, since some of the equations and definitions involved will be required for subsequent discussions in this paper, as well as for the theoretical analysis given in the Appendix. For a protein with n ionizable groups, there are 2 n protonation states, which are represented by the 2 n values of the protonation vector (a vector whose elements, x i , are 0 or 1, depending on the protonation state of the corresponding groups). The Gibbs energy of a given protonation state in the native protein is where q i is the charge of group i in the unprotonated state and pK int,i (the intrinsic pK) is the pK of group i if all other groups had zero charge. Equation 2 seems to differ somewhat from eq 3 in the work of Bashford and Karplus (20) . The difference, however, is just a matter of the reference level chosen; thus, according to our equation, ∆G N ( ) ) 0 when the charges of all ionizable groups are set to zero (when q i + x i ) 0 for all i). That is, we are taking the protein in the neutral state (with all ionizable groups in their uncharged form) as the reference state for Gibbs energy calculations.
The fraction of native protein that is present as a given protonation state is given by with ν( ) the number of protonated ionizable groups in that protonation state and Z N the protonation partition function of the native protein:
where the sum is over the 2 n values of the protonation vector .
The fractional protonation on group i in the native protein (θ i ), the charge-charge interaction energy between two ionizable groups (〈W ij 〉), and the total charge-charge interaction energy in the native protein (〈W q-q 〉) are averages over all protonation states. For instance, the latter quantity is given by Equations 3 and 4 refer to the native protein. It will be assumed in this work that ionizable groups in native ubiquitin are exposed to the solvent and that the charge-charge interaction is the main factor responsible for the different behavior of ionizable groups in the native and unfolded proteins (a justification for this assumption is given further below). Accordingly, we assume that the intrinsic pK values are equal to the model compound values for both the native and unfolded protein, and write for the unfolded protein:
which is similar to eq 2, the only difference being that the charge-charge interaction term is not included here.
[The values we have used for the model compound pK values are the same as those employed by the program TITRA (28) .] Then, the fraction of unfolded protein present as a given protonation state [F U ( )] and the protonation partition function of the unfolded protein (Z U ) can be calculated as indicated by eqs 3 and 4, but using ∆G U (eq 6) instead of ∆G N (eq 2). Finally, since the neutral forms of the native and unfolded protein are taken as reference levels for the partition functions Z N and Z U (respectively), the contribution from charge-charge interactions to the unfolding Gibbs energy is (9) The application of the above equations involves summations over 2 n protonation states, a task that may become impossible, even for moderate values of n. We have, therefore, used the Bashford-Karplus, "reduced-set-of-sites" approximation (20) , with upper and lower limits for the fractional protonations of 0.999 and 0.001, respectively. Since our calculations were carried out for pH <7, our choice of limits simply implied that lysines, arginines, and Tyr-59 were always fixed in the protonated forms and that most calculations took into account all values of a protonation subvector representing all carboxylic acid groups and His-68.
RESULTS AND DISCUSSION

Guanidine-Induced Denaturation of Ubiquitin Studied by
Fluorescence Measurements. Figure 1 shows profiles of fluorescence intensity versus denaturant concentration for the guanidine-induced unfolding of bovine ubiquitin at 25°C and at several pHs in the range 1.7-4.3. All profiles appear to be biphasic, showing a major transition centered around 4 M guanidine and what would seem to be a minor transition at very low guanidine concentrations. A detailed analysis
(described below) shows, however, that the minor "transition" is not due to an unfolding process. Ubiquitin fluorescence is due to tyrosine-59 and depends strongly on pH, a fact that has been explained in terms of quenching by the deprotonated form of a nearby carboxylic acid group (29) . Figure 2 shows the profiles of tyrosine fluorescence intensity versus pH for several guanidine concentrations. We have analyzed these profiles by using the equation:
where pK* is the pK value of the group responsible for the fluorescence quenching and I A and I B stand for the low-pH and high-pH limits of the fluorescence value. The calculated pK* values (see Figure 2 ) change abruptly at low guanidine concentrations, a result that appears to be a nonspecific salt effect on the pK of the group responsible for quenching, since we have obtained very similar results with sodium chloride (results not shown).
It is clear now that the low guanidine "transition" observed in Figure 1 does not reflect an unfolding event, but it is result of the strong salt concentration dependence of pK* at low guanidine concentration. Thus, at a given pH, the population of the quenching form of the amino acid (deprotonated carboxylate, most likely) and, consequently, the tyrosine fluorescence change abruptly with denaturant concentration. Accordingly, in our analysis of the profiles of Figure 1 , we have included the sharp increase in fluorescence observed at low guanidine concentration in the fluorescence base line corresponding to the native state. The profiles of fluorescence intensity versus guanidine concentration have been analyzed according to the two-state equation:
where C 1/2 is the guanidine concentration (C) at which the unfolding Gibbs (∆G) energy is zero, m 1/2 is the slope of ∆G versus C at the C 1/2 concentration, and the fluorescence intensity values for the native and denatured states (I N and I D in eq 9) are given by That is, we have assumed a linear dependence of I D with C, while in the case of I N , we have included an exponential dependence in order to account phenomenologically for the sharp increase in fluorescence observed at low guanidine concentration. Fittings of eq 9 (together with eqs 10 and 11) to the experimental fluorescence data were always excellent (see Figure 1) , and the values of C 1/2 , m 1/2 , and ∆G W derived from these fittings are shown in Figure 3 .
Guanidine-Induced Denaturation of Ubiquitin Studied by Circular Dichroism. Profiles of ellipticity at 222 nm versus denaturant concentration for the guanidine-induced denaturation of ubiquitin at 25°C were obtained at pHs 2, 3, and 4 for the bovine protein, and at pHs 2, 3, 4, and 5.5 for the protein from yeast. These profiles (Figure 4 ) showed a single transition, and no cooperative change in ellipticity was detected at low denaturant concentration, thus confirming that the low guanidine "transition" seen in the fluorescence profiles ( Figure 1) is not due to an unfolding event. Ellipticity versus denaturant concentration profiles were analyzed on the basis of the two-state model, but since the experimental uncertainty associated with each data value seems in this case to be significant in comparison to the amplitude of the unfolding transition (see Figure 4) , we deemed it convenient to carry out a global analysis of the several profiles corresponding to different pH values. Thus, the two-state equation for the ellipticity at 222 nm was written as 
with linear denaturant concentration dependencies for the native and unfolded state ellipticities:
And we assumed that the pH dependence of the unfolding Gibbs energy at zero denaturant concentration is linear:
where pH ref is a reference pH value, ∆G W,ref is the unfolding Gibbs energy at zero denaturant concentration and at the reference pH, and ∆ν is the number of protons taken from the solvent upon protein unfolding. The use of a linear pH dependence (that is, the use of a pH-independent ∆ν value) is in this case justified by our analysis of the fluorescence unfolding curves of Figure 1 , which indicates that ∆G W for ubiquitin, as obtained from guanidine-induced unfolding data by linear extrapolation, barely changes with pH within experimental uncertainty (Figure 3 ). For each protein (bovine or yeast ubiquitin), global, nonlinear least-squares fittings of eq 12 (together with eqs [13] [14] [15] to the several unfolding profiles were carried out imposing that the values of ∆G W,ref and ∆ν must be the same for all profiles, while each profile was allowed to have its own native and unfolded base lines (θ N and θ D of eqs 13 and 14) and its own m 1/2 value. These global fits were excellent (see, for instance, the several profiles for the yeast protein in Figure 4) , and the unfolding parameters derived from them are shown in Figure 3 .
General Comments on the Values for the Ubiquitin Unfolding Parameters DeriVed from Guanidine-Induced
Denaturation Data. The values of ∆G W (linear extrapolation), C 1/2 , and m 1/2 derived from guanidine-induced unfolding profiles are summarized in Figure 3 . Several points are worth emphasizing: (1) There is an excellent agreement between the data for bovine ubiquitin obtained from fluorescence and circular dichroism profiles. (2) Stability, as characterized by guanidine-induced denaturation, shows a very weak dependence on pH within the studied pH range; thus, both C 1/2 and ∆G W obtained by linear extrapolation change little with pH. This appears to be an unusual result since, for other proteins, the ∆G W values determined from guanidine-induced denaturation do seem to depend significantly on pH (30) . An explanation for the lack of strong pH dependence found with ubiquitin will be proposed further below. (3) Ubiquitin from yeast is less stable than bovine ubiquitin, as shown by lower C 1/2 and ∆G W values. (4) There is agreement within experimental uncertainty, however, between the m 1/2 values determined for both proteins. (5) The m 1/2 value seems to increase as the pH is lowered. If m 1/2 values are interpreted in terms of unfolding changes in accessible surface area (31), a possible explanation for this pH dependence could be that the denatured state becomes more accessible to the denaturant as the pH is lowered, as a result of the "expansion" (30) caused by the repulsion between positives charges. Another plausible explanation could be that, since guanidine is a salt, its interaction with proteins may depend not only on the accessible surface area but also on the number and sign of the charges exposed. On the other hand, an explanation in terms of the potential nonlinearity of the ∆G versus C dependence is not plausible in this case, since, for each protein, the different m 1/2 values in Figure 3 correspond to practically the same guanidine concentration (the C 1/2 values). Finally, whichever physical factor is responsible for the pH dependence of m 1/2 , it is also likely to be responsible for the pH dependence of the linear extrapolation ∆G W values; we note again, however, that the latter dependence is weak and certainly minor when compared with the pH dependence of the ∆G W values determined from differential scanning calorimetry (see below). 
Thermal Denaturation of Ubiquitin in the Absence of Guanidine As Studied by Differential Scanning Calorimetry. Differential scanning calorimetry (DSC) experiments were carried for both the bovine and the yeast protein, in the absence of guanidine and at several pHs in the range 2-4 (additional experiments in the presence of guanidine were performed with the bovine protein). The DSC transitions were analyzed on the basis of the two-state equilibrium model; excellent fits were obtained in all cases (see, for instance, Figure 5) . The values for the denaturation temperature and the unfolding enthalpy derived from the two-state analysis are shown in Figure 6 . It must be noted that the T m and ∆H values for bovine ubiquitin are in good agreement with those previously determined by Wintrode et al. (13) under the same solvent conditions and that the plots of ∆H versus temperature are nonlinear for both proteins, reflecting temperature-dependent heat capacity changes for unfolding (13) . Also, the lower stability of the yeast protein is apparent in the denaturation temperature values.
Unfolding Gibbs energies at 25°C were calculated by direct integration of the Gibbs-Helmholtz equation:
where the temperature dependencies of the unfolding enthalpies were described by the second-order polynomials 2 that fit the experimental ∆H versus T data (see Figure 6 ). The resulting ∆G W versus pH data are shown in Figure 7 .
Effect of Guanidine on the Thermal Denaturation and Stability of BoVine Ubiquitin at pH 2 As Studied by DSC.
We have carried out DSC experiments on the thermal unfolding of bovine ubiquitin at pH 2 and in the presence of several guanidine concentrations within the range 0-4 2 Second-order polynomials are required here, since the plots of ∆H vs T are clearly nonlinear ( Figure 6 ). This nonlinearity reflects a temperature-dependent unfolding heat capacity change, as previously reported by Wintrode et al. (13) and as suggested by the native and unfolded base lines of our DSC thermograms (see, for instance, Figure  5 ). In fact, the ∆C p values calculated as d∆H/dT from the dependencies shown in Figure 6 are in good agreement (better than 1 kJ‚mol -1 ‚K -1 ) with the values determined by extrapolating to the Tm the native an unfolded base lines of our DSC experiments. Obviously, the calculation of ∆GW described in the text takes into account the temperature dependence of ∆Cp as given by the (nonlinear) experimental ∆H vs T profiles, a procedure which involves an assumption: the temperature dependence of ∆H given by the second-order polynomial that fits the experimental data is assumed to hold outside the temperature range in which experimental ∆H values are available. We also calculated ∆GW values at 25°C from the individual DSC profiles on the basis of
using the ∆Cp vs T dependence given in Table 3 of Wintrode et al. (13) , which was calculated by these authors assuming that the heat capacity of the unfolded state is equal to the theoretical value derived from model-compound heat capacities. The ∆GW values obtained in this manner (results not shown) were in good agreement with those shown in Figure 7 (average difference between the two series of "DSCvalues" was 1.3 kJ/mol). Finally, the situation is somewhat different for the ∆G values shown in Figure 8 . We include there data corresponding to different guanidine concentrations, and reliable information about the temperature dependence of ∆Cp in guanidine solutions is not available. Therefore, we used constant-∆Cp GibbsHemholtz extrapolation (with the average ∆Cp values from all the DSC experiments in guanidine solutions: 3.76 ( 0.80 kJ‚mol -1 ‚K -1 ) to calculate ∆G values in the presence of guanidine and, for the sake of consistency, also for the ∆GW value (∆G value at 0 M guanidine) given in Figure 8 . As a result, there is a small difference (about 3 kJ/mol) between the ∆GW values (derived from DSC) for bovine ubiquitin unfolding at pH 2 shown in Figures 7 and 8 . A similar small difference between ∆GW values obtained by constant-∆Cp and nonconstant-∆Cp extrapolation was recently reported for HEW lysozyme (see Figure 5 in reference 10). We believe that these small discrepancies simply reflect the unavoidable uncertainty associated with Gibbs-Hemholtz extrapolation. The uncertainty is, nevertheless, fairly small and does not affect any of the general results and conclusions of the present work. Figure 8) . Evidence of cold denaturation is apparent in the thermograms corresponding to the higher guanidine concentrations employed. We have recently reported and discussed (15) ubiquitin cold denaturation in the presence of guanidine (although not at pH 2). Here, we just wish to comment on the unfolding ∆G versus guanidine concentration profile obtained from the thermograms in the upper panel of Figure 8 (see ref 15 for details on the data analysis). This ∆G vs C profile is shown in the lower panel of Figure 8 and demonstrates clearly that the guanidine concentration dependence of the unfolding ∆G is linear to a very good approximation within the range 1-4 M and that deviations from linearity only occur below 1 M guanidine approximately (see refs 14 and 32 for an interpretation of these deviations in terms of anion interactions with the positively charged protein). Similar results have been previously described with HEW lysozyme (10) and thioredoxin (33) . Of course, it would have been of interest to obtain the ∆G vs C profile at a pH value near the isoelectric point, since our data (see below) suggest a clear positive deviation from linearity in this case; DSC experiments near the isoelectric pH are, however, problematic due to the very high stability of ubiquitin under these conditions.
General Comments on the Difference between the Stability of Ubiquitin Determined from DSC and the Stability Determined from Guanidine-Induced Denaturation Using Linear
Extrapolation. It is clear that the stability of ubiquitin, as determined by differential scanning calorimetry, is affected by pH, as is demonstrated by the strong pH dependencies of both T m and ∆G W . This contrasts sharply with the stability as determined from guanidine-induced denaturation, which shows only a weak pH dependence. Furthermore, the difference between the two ∆G W versus pH profiles (see Figure  7 ) appears to change sign at about pH 3.5-4. We tentatively suggest the following interpretation for these results:
(1) The charged atoms of ionizable groups in native ubiquitin are largely exposed to the solvent [accessible surface area calculations show that all ionizable groups in ubiquitin belong to class III in the classification of Rashin and Honig (16)]; as a result, desolvation penalties upon folding may perhaps be neglected as a first approximation, and the electrostatic contribution to the unfolding Gibbs energy is mostly associated with the charge-charge interactions (see refs 9 and 10 for a discussion on desolvation and charge-charge contributions to unfolding Gibbs energies).
(2) These charge-charge interactions are eliminated in high guanidine concentration, due again to the large degree of exposure to solvent of the charged atoms in the native protein, together with the salt character of the denaturant. Note, however, that guanidine could be expected to be more effective than most salts at eliminating charge-charge interactions, because the "screening effect" may be enhanced by the binding of guanidinium ions to the protein surface (34) and, at acidic pH, by the binding of chloride ions (14) . (3) ∆G W values determined from guanidine denaturation data by linear extrapolation from high guanidine concentration do not contain the contribution from the charge-charge interactions and are expected to show only a weak pH dependence, since we have assumed that charge-charge interactions (one source of pK shifts upon folding) are screened out in concentrated guanidine and that desolvation contributions (other source of pK shifts) are negligible for ubiquitin. [Accordingly, the fact that, for other proteins, the ∆G W values determined from guanidine-induced denaturation do seem to depend significantly on pH (30) could be taken as evidence that Gibbs energy contributions arising from desolvation of charges upon folding are not negligible in those proteins.] (4) The charge-charge contribution is present in the ∆G W values determined by DSC in the absence of guanidine. Thus, these ∆G W values are strongly pH-dependent. 3 (5) The difference between both series of ∆G W data (obtained from guanidine denaturation experiments and from DSC) should therefore provide an estimate of the contribution to protein stability that arises from interactions between charged ionizable groups.
(6) The sign of this contribution will change with pH (9, 10) because, at pH values near the isoelectric pH (about 7 for both proteins), charge-charge interactions are expected to be stabilizing (groups of a given sign are, on average, surrounded by groups of the opposite sign, giving rise to an overall attractive and stabilizing interaction), while they will be destabilizing at acidic pH (due to the neutralization of negatively charged groups and the concomitant repulsion between the remaining positive charges). This sign change is clearly suggested by our experimental results (Figure 7) .
A Theoretical Estimate of the Contribution from ChargeCharge Interactions to Ubiquitin Stability.
Electrostatic calculations for proteins have been previously carried out on the basis of various theoretical approaches, including the Tanford-Kirkwood model (18, 19, 35) , the numerical solving of the Poisson-Boltzmann equation (36, 9, 37) , the generalized Born model (38, 39) , cavity-function theory (40) , and all-atoms models and dipolar models (41, 42) . Here, we have employed the Tanford-Kirkwood model with the solvent accessibility correction of Gurd (18, 19) , because it is simple and yet it appears to account for the overall features of the titration behavior of several proteins. Also, the use of the Tanford-Kirkwood model would seem acceptable in this case, since this model does not take into account solvation terms, which we have assumed in fact to be negligible, since charged atoms of ionizable residues in native ubiquitin are exposed to the solvent. Interestingly, it has been remarked (43) that for ionizable groups that reside on the protein surface "many fundamentally flawed models work as well as physically sensible ones" and that "good results are obtained as long as a large shielding for charge-charge interactions is built into the model".
We used the energies of interaction between unit positive charges calculated by using the Tanford-Kirkwood model as the input for a procedure based on the Bashford-Karplus, "reduced-set-of-sites" approximation (20) , which yielded the fractional protonation of each ionizable group, as well as the average values of the pairwise charge-charge interaction energies and the total charge-charge contribution to the unfolding Gibbs energy (see Materials and Methods for details). The use of the Bashford-Karplus procedure is feasible in this case due to the fact that ubiquitin is a small protein with a comparatively small number of ionizable residues. We note, nevertheless, that almost identical results were obtained in preliminary calculations using the program TITRA (28), which is also based upon the solvent-accessibility-corrected Tanford-Kirkwood model, but employs the (less rigorous) mean-field approximation of Tanford and Roxby (44) . Figure 9 shows the calculated profiles of fractional protonation versus pH for all the groups that undergo ionization in the acidic pH range. Also, in Figure 10 we compare the theoretical ∆G q-q versus pH profile with the profile calculated as the difference ∆G W (DSC) -∆G W -(guanidine+LEM). The agreement between both profiles is excellent, which, to some extent, supports our interpretation of the difference ∆G W (DSC) -∆G W (guanidine+LEM) as an estimate of the contribution from charge-charge interactions to the unfolding Gibbs energy (see preceding section). It is also encouraging (see Figure 9 ) that there is a good agreement between the ionization profile predicted for His-68 and that obtained by NMR, as well as the fact that the pH dependence of Tyr-59 fluorescence agrees with the ionization profile predicted for Asp-52, one of the two carboxylate groups which are close to Tyr-59.
It is worth noting that our theoretical results do not depend strongly on the value used for the dielectric constant of the protein and, in fact, we obtained similar ∆G q-q versus pH profiles using values of P as low as 2 and as high as 20. On the other hand, the shielding of the charge-charge interactions introduced by the solvent-accessibility correction does make a significant difference. Thus, leaving out the accessibility correction leads to significantly larger (in absolute value) ∆G q-q values; nevertheless, the overall qualitative features of the ∆G q-q versus pH profile remain the same: 3 Clearly, we may also expect the charge-charge contribution to be present in the ∆GW values determined from urea-induced unfolding experiments, since urea is not a salt. This is supported by our preliminary experiments on the urea-induced unfolding of yeast ubiquitin. Thus, LEM analysis of CD unfolding profiles at pH 2 and 5 yields the following results: C1/2 ) 2.1 M, m1/2 ) 3.6 kJ‚mol ∆G q-q is negative at very acidic pH, but becomes positive at pH values near the isoelectric one.
Analysis of the Charge-Charge Interactions in Ubiquitin at the IndiVidual Residue LeVel. We proceed in this section to interpret the contribution from charge-charge interactions to ubiquitin stability, in terms of contributions from the individual ionizable groups. Before doing so, however, it is important to realize that ∆G q-q is not strictly equal to the energy required to "break" all pairwise charge-charge interactions in the native protein (as one might perhaps naively expect). This point becomes obvious if we mentally carry out the unfolding process at a given pH in three steps: (1) The pairwise charge-charge interactions in the native protein are "disconnected" without changing the protonation states distribution (that is, the relative amounts of the different protonation states are kept at the values corresponding to the native protein). (2) The protein is unfolded, maintaining the native distribution of protonation states. (3) The relative amounts of the different protonation states are allowed to change ("relax") from the values given by the native distribution (values affected by the charge-charge interactions) to the values corresponding to the "unfolded" distribution (values not affected by the charge-charge interactions).
Step 1 involves breaking all charge-charge interactions in the native protein, but the total contribution of charge-charge interactions to the unfolding ∆G is given by the sum of the Gibbs energy changes associated with steps 1 and 3. Thus, if we refer to step 3 as a "relaxation" step (for lack of a better name), we have
The theoretical relation between ∆G q-q and -〈W q-q 〉 is further explored in the Appendix. We show there that -〈W q-q 〉 is an upper limit to the value of ∆G q-q (that is, the relaxation contribution is always destabilizing and ∆G q-q e -〈W q-q 〉). In the case of ubiquitin, the theoretical calculations shown in Figure 10 indicate, nevertheless, that the difference between ∆G q-q and -〈W q-q 〉, while significant, is not very large and that, as a rough first approximation, we can write:
This approximation allows us to interpret the ∆G q-q values in terms of contributions arising from the individual ionizable groups, as expressed in the last equality of the above expression, where 〈W i 〉 is the energy due to the chargecharge interaction of group i with the rest of the ionizable groups in the protein. Figure 11 shows a plot of -〈W i 〉 versus pH for all ionizable groups in ubiquitin. These individual -〈W i 〉 values have been calculated on the basis of the solvent-accessibility-corrected Tanford-Kirkwood model (see Materials and Methods) and must be taken with due caution. Nevertheless, the overall qualitative picture is clear enough and should be independent of specific models. Thus, at very acidic pH, the values of -〈W i 〉 for carboxylic acid groups are zero (reflecting a zero charge on these groups), while for positively charged groups (His, Lys, and Arg) -〈W i 〉 is negative (that is, destabilizing), reflecting the repulsive interaction between identical charges. On the other hand, at values of pH above 5, carboxylic acid groups bear negative charge, and most -〈W i 〉 values are positive (stabilizing), indicating that each charged group is predominantly interacting with charges of the opposite sign, thus giving rise to an overall attractive interaction.
General Comments on Ubiquitin Thermal Stability. Ubiquitin is a very stable protein at neutral pH (denaturation 
temperature around or higher than 100°C; ref 14) . Electrostatic factors must play an important role in determining ubiquitin stability, as shown by the strong pH dependence of the denaturation temperature and the unfolding Gibbs energy values determined from differential scanning calorimetry experiments (see Figures 6 and 7) . In particular, the experimental results and theoretical calculations reported in this work suggest that the high stability of ubiquitin at neutral pH may be due, at least in part, to the following two causes:
(1) Gibbs energy contributions arising from the desolvation of charges upon folding could be small in the case of ubiquitin, since the charged atoms of ionizable residues are very exposed to the solvent in the native structure. This is important for stabilization, because desolvation contributions are expected to be destabilizing (9) .
(2) At neutral pH, the Gibbs energy contribution that arises from charge-charge interactions is stabilizing. This is due to the fact that the charged residues are distributed on the protein surface in such a way that most charges of a given sign (but not all, see below) interact mainly with charges of the opposite sign, thus giving rise to an overall attractive interaction.
The second point above suggests the possibility of enhancing protein thermal stability by adequately redesigning the distribution of solvent-exposed, charged residues on the protein surface. In connection with this, it is interesting to note that the positively charged residues Lys-6, His-68, and Arg-42 in ubiquitin are predicted to be involved in destabilizing charge-charge interactions in a wide pH range (see Figure 11 ). These residues are located close to each other on the solvent-exposed side of the -sheet (but on different strands) and make obvious targets for charge-reversal mutations that could perhaps lead to a significant stability enhancement. We are currently testing this possibility.
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APPENDIX
We explore here in some detail the theoretical relationship between the contribution from charge-charge contributions to the unfolding Gibbs energy (∆G q-q ) and the sum of the charge-charge interaction energies in the native protein (〈W q-q 〉).
We begin by noticing the similarity between eq 2 (for the native protein) and eq 6 (for the unfolded protein). The only difference is the charge-charge interaction term, which may be considered as a "perturbation". Therefore, we will use a common procedure in Statistical Thermodynamics (see chapters 19 and 20 in reference 45) and introduce a parameter, λ, to smoothly connect the perturbation. Thus, we write: where Clearly, when λ ) 0 the "perturbation" is not connected, and eqs 19 and 20 yield the unfolded distribution of protonation states (F U ) and the protonation partition function of the unfolded protein (Z U ). On the other hand, when λ ) 1 the "perturbation" is fully connected, and eqs 19 and 20 yield F N and Z N (eqs 3 and 4).
Straightforward differentiation yields the λ dependence of
where the subscript λ in 〈W〉 λ means that the average of the sum of the charge-charge interaction energies is taken over all protonation states, but using the distribution corresponding to the given λ value [that is, F( ,λ)]. For instance, for λ ) 1, we have F( ,λ) ) F N ( ), and, therefore, 〈W〉 1 is equal to 〈W q-q 〉, the sum of the charge-charge interaction energies in the native protein. On the other hand, for λ ) 0, we have F( ,λ) ) F U ( ), and 〈W〉 0 is the sum of the charge-charge interaction energies, but averaged with the protonation-state distribution of the "unperturbed" system (that is, 〈W〉 0 could be interpreted as the first-order estimate of 〈W q-q 〉).
Equation 23 allows us to arrive at a very convenient expression for the contribution from charge-charge interactions to the unfolding Gibbs energy (given by eq 7):
The λ dependence of 〈W〉 λ is easily found by differentiation:
where the average of the square of W -〈W〉 λ is simply the second moment of the distribution that describes the fluctuations in the sum of charge-charge interaction energies (calculated for a given λ value). The relevant point here is, of course, that second moments of distributions must necessarily be positive numbers. Therefore, 〈W〉 λ is a monotonically decreasing function of λ, and, consequently, the following inequalities necessarily hold: 
Thermal vs Guanidine-Induced Unfolding Biochemistry, Vol. 38, No. 25, 1999 8147 Changing signs and integrating from λ ) 0 to λ ) 1, we have and using eq 24 and the fact that both 〈W〉 0 and 〈W q-q 〉 are λ-independent values, we arrive at which shows that ∆G q-q must be in the interval (-〈W〉 0 ,-〈W q-q 〉). This is clearly illustrated in Figure 10 , where we have included the calculated pH dependencies of the three quantities involved in eq 28. The most important point here is, of course, that ∆G q-q e -〈W q-q 〉; that is, if we interpret the contribution from charge-charge interaction in terms of eq 17, it is clear that the relaxation term (∆G rel ) is always destabilizing. An estimate of ∆G q-q more precise than that provided by the interval (-〈W〉 0 ,-〈W q-q 〉) can be derived, but on the basis of an approximation, as is described below. We first differentiate in eq 25 to arrive at where the average of the third power of W -〈W〉 λ is the third moment of the distribution that describes the fluctuations in the sum of charge-charge interaction energies. Assume now that, at a certain pH, several ionizable groups are partially protonated. Of course, the fractional protonations of ionizable groups are just averages over all the protonation states and, according to the ergodic hypothesis, equal to the corresponding time averages. Actually, those groups fluctuate between the protonated and the nonprotonated forms (forms which have different charges), thus contributing to the fluctuation in the sum of charge-charge interaction energies. Some groups might be considered to fluctuate in a roughly independent manner in the mean field created by the other charges, while for other groups the fluctuations may be strongly coupled. In any case, if at a given pH value a sufficiently large number of ionizable groups are fluctuating significantly, we may consider that the fluctuations in the sum of charge-charge interaction energies (W) are the result of a large number of comparatively small effects operating more or less independently. Then, the central limit theorem suggests that the distribution function for the fluctuations in W will approach the normal distribution law, which is a symmetric distribution with the third moment equal to zero. A third moment equal to zero for all λ implies that the second derivative in eq 29 is zero, that the first derivative in eq 25 is constant, and, therefore, that 〈W〉 λ changes linearly with λ:
and substitution in eq 24 followed by integration yields According to this equation, the ∆G q-q versus pH profile is expected to be the mean of the profiles defined by -〈W q-q 〉 and -〈W〉 0.
We have not carried out yet a systematic investigation into the range of validity of the "Gaussian approximation" described above, but in the case of ubiquitin at least, eq 31 provides an excellent estimate of ∆G q-q (see Figure 10 ).
NOTE ADDED IN PROOF
After this work was completed, we became aware of a recent mutational analysis into the electrostatic contributions to protein stability, which focuses on the effect of inter-helix ion pairs (46) . We thank Dr. Robert Baldwin for making a preprint of this work available to us.
-∫ 0 1 〈W〉 0 dλ e -∫ 0 1 〈W〉 λ dλ e -∫ 0 1 〈W q-q 〉 dλ (27) -〈W〉 0 e ∆G q-q e -〈W q-q 〉 (28)
〈W〉 λ ) 〈W〉 0 + λ(〈W q-q 〉 -〈W〉 0 ) (30)
